In this study, a composite, chitosan-g-poly(acrylic acid)/ vermiculite, was prepared by aqueous dispersion polymerization using chitosan as the stabilizer, acrylic acid as the monomer and vermiculite as the inorganic additive. It was then cross-linked with common divalent or trivalent cations to obtain adsorbents with a higher affinity for phosphate ions. Factors influencing the adsorption capacity were investigated, the results indicating that the trivalent ion cross-linked hybrid exhibited a potential for the removal of phosphate ions and that a lower concentration of cross-linking agent could achieve the complete cross-linking of carboxylate groups within the composite. The adsorption of phosphate ions onto the developed adsorbent was pH-dependent, with a lower pH yielding a higher adsorption capacity. The Langmuir and Freundlich models were used to describe the adsorption data; the maximum adsorption capacity of 22.64 mg/g was comparable with that reported for other adsorbents. Desorption studies showed that the adsorbed phosphate ions were relatively difficult to remove from the hybrid material.
INTRODUCTION
Phosphate is an essential nutrient for the growth of micro-organisms, and a large quantity of phosphate ions present in water is one of the main causes of eutrophication. This has led to the deterioration of water quality as a result of the depletion or reduction of oxygen levels. It is therefore desirable that water-treatment facilities are capable of removing phosphate ions from wastewaters before they are returned to the environment.
Many methods have been developed for reducing the level of phosphate ions in water streams, as reviewed by Bashan and Bashan (2004) . Adsorption is generally preferred due to its high efficiency, easy handling and the availability of different adsorbents (Oluyemi et al. 2009 ). Hydrogels are three-dimensional cross-linked polymer networks. Because they are glassy in the dry state but swell to an elastic gel upon water penetration, these materials have attracted much attention and found promising applications in the fields of agriculture (Hüttermann et al. 2009 ), biosensors (Lee et al. 2008) , controlled drug delivery (Yue et al. 2009 ) and nano-reactors (Mohan et al. 2007) . Recently, polymeric hydrogels have acquired a great interest for water purification due to the ease with which different chelating groups may be incorporated into their polymeric networks, their chemical and thermal stability, easy separation from the medium leading to operational flexibility, and their facile regeneration (Ali et al. 2003; Denizli et al. 2003; Zheng and Wang 2009a) . The rapid swelling characteristics and tailored surface functionality of the hydrogels are expected to shorten the time necessary to reach adsorption equilibrium and improve the adsorption capacity for specific cationic pollutants, such as heavy metal ions (Çavus and Gürdag 2009; Hashem et al. 2008; ), dyes (Karadag et al. 2002 Yi and Zhang 2008) and ammonium ions (Zheng and Wang 2009a; ).
To date, acrylic acid (AA) has been the most commonly used monomer for preparing polymer hydrogels which are ineffective in removing anionic pollutants. However some atoms, ions or groups can show specific affinity for another atom/ion, e.g. sulphur can bind with mercuric ions (Zhou et al. 2009 ) and amino groups can show a higher affinity for copper (Sun and Wang 2006) . It is reported that multivalent metal cations can form complexes with the carboxylate groups of a hydrogel (Harada et al. 2005; Zheng and Wang 2009b ) and a metal ion-bearing adsorbent has been shown to exhibit improved phosphate adsorption (Onyango et al. 2007; Wu et al. 2006; Yao et al. 2009 ). In the current study, a hydrogel composite, chitosan-g-poly(acrylic acid)/vermiculite was prepared in granular form by aqueous dispersion polymerization and then cross-linked with different multivalent cations (Ca 2+ , Mg 2+ , Fe 3+ and Al 3+ ) to obtain an ion hybrid with a higher affinity for phosphate ions. We found that the efficiency of phosphate ion removal was enhanced remarkably after cross-linking with a trivalent ion. As a result, we selected Al 3+ as the crosslinking agent to study the adsorption behaviour of the Al 3+ ion cross-linked hybrid for phosphate ion removal.
EXPERIMENTAL

Materials
Acrylic acid (AA, chemically pure, Shanghai Shanpu Chemical Factory) was distilled under reduced pressure before use. Ammonium persulphate (APS, analytical grade, Sinopharm Chemical Reagent Co., Ltd., China), N,N´-methylene-bisacrylamide (MBA, chemically pure, Shanghai Yuanfan Additives Plant) and chitosan (CTS, de-acetylation degree of 90% and average molecular weight of 3 × 10 5 , Zhejiang Yuhuan Ocean Biology Co.) were used as received. Expanded vermiculite powder (VMT, Gansu Xinyi Environmental Protection Chemical Co., Ltd.) was milled through a 320-mesh screen prior to use. The standard phosphate ion solutions used in the experiments were prepared from anhydrous KH 2 PO 4 .
Preparation of CTS-g-PAA/VMT
The preparation process for CTS-g-PAA/VMT was the same as employed in our previous studies (Xie and Wang 2009). During this process, chitosan serves as not only as the backbone to graft the resulting poly(acrylic acid), but also as the stabilizer to obtain the granular adsorbent. The resulting composite containing 30 wt% VMT designated as CPV was screened through a 40-80 mesh prior to use.
Preparation of the ion cross-linked hybrid
The ion cross-linked adsorbent was prepared for batch adsorption studies by adding 2.0 g of CPV to 200 mᐉ of a 0.5 wt% CaCl 2 , MgCl 2 , FeCl 3 or AlCl 3 solution. The mixture was stirred at 120 rev/min for 2 h at 30 o C and then washed several times with distilled water. Ion cross-linked CPV was dried at 70 o C to a constant weight. The adsorbents prepared in this manner are referred to below as Ca-CPV, Mg-CPV, Fe-CPV and Al-CPV, respectively.
Adsorption and analysis
Adsorption measurements were determined under shaking conditions employing a THZ-98A orbital shaker at 120 rev/min. Experiments were conducted in a series of 50 mᐉ conical flasks containing 50 mg of adsorbent and 25 mᐉ of phosphate ion solution. At the end of the adsorption period, the supernatant was collected by simple filtration. Phosphate ion measurements were undertaken spectrophotometrically employing the Molybdenum Blue ascorbic acid method using a GB 11893-89 UV-vis spectrophotometer at a wavelength of 720 nm. The amount of phosphate ion adsorbed was obtained from the difference in the phosphate ion concentration in solution before and after the adsorption process.
Adsorption kinetic studies were carried out at 30 o C by contacting 50 mg of the adsorbent with 25 mᐉ of a 50 mg/ᐉ phosphate ion solution and stirring the resulting mixture at 120 rev/min. At pre-determined time intervals, a 1 mᐉ aliquot of the tested solution was collected and analyzed for its residual phosphate ion concentration. The pH value of the solution was not adjusted during this process. The adsorption isotherms were constructed by studying varying concentrations of phosphate ions with a fixed amount of adsorbent, with the effect of pH on the adsorption capacity being observed over the pH range 3-9. During the adsorption process, the pH value was adjusted by the addition of 1.0 mol/ᐉ and 0.1 mol/ᐉ NaOH or HCl solutions as necessary.
Desorption studies
To evaluate phosphate ion desorption from the samples, the residual solids from an adsorption test were collected in a 50 mᐉ Erlenmeyer flask after separation of the suspension. Then, 25 mᐉ of a solution with a different pH value was added to each flask. The stoppered flask was shaken at 120 rev/min in a thermostatic shaker for 2 h at 30 o C, the suspension solution filtered and then analyzed for desorbed phosphate ions.
Spectral characterization
FT-IR spectra were recorded using a Thermo Nicolet NEXUS TM spectrophotometer over the spectral range 400-4000 cm -1 employing KBr pellets.
RESULTS AND DISCUSSION
Selection of cross-linker
Preliminary experiments indicated that CPV exhibited no adsorption properties towards phosphate ions. The final adsorbent was obtained by subsequent treatment of the CPV with different cations, including Ca 2+ , Mg 2+ , Fe 3+ and Al 3+ ions. As shown by the data depicted in Figure 1 , the choice of cross-linker had a very strong impact on the final product, with the proper selection of cross-linker providing an adsorbent with a high adsorption capacity towards phosphate ions. The data suggest that, after cross-linking with trivalent cations, the resulting adsorbent exhibited a higher affinity for phosphate ions. During the experiment, it was found that the resulting samples aggregated after being cross-linked with divalent cations, whereas after treatment of the adsorbent with trivalent cations the resulting product was granular with a unique size. Fe-CPV showed a slightly higher adsorption capacity towards phosphate ions relative to Al-CPV, its coloured appearance, however, making it unattractive. Compared to Fe-CPV, Al-CPV showed a comparable adsorption capacity for phosphate ions, and accordingly it was selected as the adsorbent for phosphate ion removal in subsequent studies. Figure 2 shows the FT-IR spectra of CPV and Al-CPV treated with different concentrations of AlCl 3 . The absorption bands at 1713, 1572 and 1409 cm -1 may be assigned to the C=O stretch vibration of the carboxylic group, and to the asymmetric and symmetric vibrations of the carboxylate group , respectively. As the AlCl 3 concentration in the samples increased, a new absorption band appeared at ca. 1620 cm -1 , as a result of the cross-linking of polycarboxylic acid by Al 3+ ions (Matsuya et al. 1996) . Because of the lower pH value of AlCl 3 solution, the many carboxylate groups present in the original hydrogel composite transform into carboxylic groups. Consequently, the asymmetric and symmetric vibrations of the carboxylate group are absent from the spectra of samples treated with AlCl 3 , while the magnitude of the C=O stretch vibration of the carboxylic group increases. It may therefore be concluded that the Al 3+ ion has participated in the cross-linking reaction with the carboxylate groups present within the hydrogel composite. Control CaCl 2 MgCl 2 FeCl 3 AlCl 3
FT-IR analysis
Cross-linker concentration
Treatment of a CPV sample in an aluminium salt solution leads to the Al-CPV obtained showing an improved affinity towards phosphate ions. The effect of the AlCl 3 concentration (0.5-10 wt%) on the adsorption capacity has been studied and the results (Figure 3) indicate that a lower AlCl 3 concentration is sufficient for cross-linking purposes, suggesting that even at lower AlCl 3 concentration there are sufficient Al 3+ ions present in the solution to enable all the carboxylic groups present in the CPV to be cross-linked on a stoichiometric basis. This result is consistent with that obtained from Figure 2 . From FT-IR analysis, it was found that the addition of a lower AlCl 3 concentration can cause the complete disappearance of the absorption bands of the carboxylate group at 1620 cm -1 as a result of cross-linking polycarboxylic acid by Al 3+ ions. Higher cross-linker concentrations showed no advantages in determining the final adsorption capacity of the composite towards phosphate ions. For this reason, the lower AlCl 3 concentration of 0.5 wt%, as employed in this study, was considered suitable for cross-linking purposes.
Effect of contact time on the adsorption capacity
The time course of phosphate ion adsorption could be sub-divided into two stages, typical of most adsorption processes, as shown in Figure 4 . It will be seen from the figure that the first stage was rapid, while the rate of removal during the second stage of the process gradually diminished as the concentration gradient between the phosphate in the bulk and adsorbed phase decreased; meanwhile, the number of adsorption sites available reduced with increasing contact time. The adsorption process attained an equilibrium stage after 120 min contact time, with the adsorption capacity at that point being 15.33 mg/g.
Effect of initial phosphate ion concentration on the adsorption capacity
The effect of the initial phosphate ion concentration in the aqueous solution on the adsorption capacity of Al-CPV is depicted by the data shown in Figure 5 . Increasing the phosphate ion concentration had a dramatic and positive impact on phosphate ion removal, with an approximately linear relationship between the phosphate ion concentration and the extent of phosphate ion removal when the initial phosphate ion concentration was less than 25 mg/ᐉ. At high phosphate ion concentrations, the increase in the quantity adsorbed was gradual as a result of the almost total occupancy of the active adsorption sites. Adsorption isotherms describe how pollutants interact with adsorbent materials and, hence, are critical in optimizing the use of adsorbents. In this study, the two most frequently used equations, viz. the Langmuir and Freundlich models, were used to describe the experimental data:
Langmuir equation:
(1)
Freundlich equation: where q e is the amount of phosphate ions adsorbed at equilibrium (mg/g), C e is the equilibrium concentration of phosphate ions in solution (mg/ᐉ), q m is the monolayer adsorption capacity of the adsorbent (mg/g), b is the Langmuir adsorption constant (ᐉ/mg), and K (ᐉ/g) and n (dimensionless) are the Freundlich adsorption isotherm constants.
The results indicate that the correlation coefficients R 2 obtained from the application of the Freundlich model to the experimental data were equal to 0.8508 and thus use of this model was ruled out. By non-linear regression of the experimental data, the calculated values of q m , b and R 2 for the Langmuir model were 22.64 mg/g, 0.06255 ᐉ/mg and 0.9094, respectively. The maximum adsorption capacity of Al-CPV for phosphate ions is comparable with those reported for other adsorbents, as listed in Table 1 . 
Effect of pH on the adsorption capacity
The pH value of an aqueous solution is an important variable which influences the adsorption of both anions and cations at the solid/liquid interface. As can be seen from Figure 6 , Al-CPV showed a decreasing tendency towards phosphate ion adsorption at increasing pH values. Generally, Al 3+ ion-bearing adsorbents would be positively charged, with their adsorption capacities increasing at lower pH values relative to alkaline conditions as a result of electrostatic interaction (Onyango et al. 2007) . At higher pH values, the concentration of hydroxide ions is high and the low extent of phosphate ion adsorption may be attributed to competition between hydroxide ions and phosphate ions for the available adsorption sites.
Desorption studies
According to the results of desorption studies (Figure 7) , the amount of phosphate ions desorbed increased as the pH value of the desorbing solution increased. Specifically, the desorption ratio increased from 31.34% to 46.18% as the pH changed from 3.0 to 11.0. The desorption results suggest that phosphate ions are tightly bound to Al-CPV and are thus relatively difficult to remove completely. Similar results have been reported by Onyango et al. (2007) and Liu et al. 2008) . Since only electrostatic attraction exists between the adsorbent and adsorbate, the adsorbate can be effectively desorbed by stronger acid or alkaline solutions ). In this study, the desorption ratio was not very high, suggesting the existence of some other adsorption mechanisms in addition to electrostatic attraction. However, FT-IR studies were unable to provide additional information on the adsorption process, as shown by the data depicted in Figure 8 . By comparison of the various FT-IR spectra depicted in Figure 8 , no changes may be observed before and after the adsorption process.
